From the International Terrestrial Reference Frame 1994 (ITRF94) coordinates of the Doppler Orbitography Radiopositioning Integrated by Satellites (DORIS) beacon marker at Syowa Station (69.0
Introduction
Determination of an accurate geoid model in the Antarctic region is important to study global geodynamics of the atmosphere/ocean and solid-earth interaction. Before GPS (Global Positioning System) development, only satellite Doppler positioning was practically applicable in the marginal sea ice zone of Antarctica to obtain the ground data of geoid height. The attained accuracy was 4 m, restricted by the uncertainty of broadcast ephemeris positioning (e.g. the obtained value of 16.8 m at Breid Bay (70.2
• S, 23.8
• E); Shibuya et al., 1991) . Today, combined use of GPS and other space geodetic techniques enables us to estimate rather precise geoid height in Antarctica, and we present a result of 20-30 cm accuracy ground data obtained at Syowa Station (69.0
• S, 39.6
• E). The most convenient positioning in the Antarctic region, that is, GPS positioning is based on the WGS84 (World Geodetic System 1984; Defense Mapping Agency, 1987) geocentric coordinate system. Since the WGS84 reference frame usually applies the ellipsoid with the semi-major axis a = 6378137.0 m and the flattening factor 1/ f = 298.2572235630, we hereafter call the associated ellipsoid as the WGS84 ellipsoid and place the final result on it. We also re-determine ground data at Breid Bay with a precise Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences.
ephemeris NNSS (Navy Navigation Satellite System) positioning result and make the tie to the inland Seal Rock No. 25-01 geodetic mark in East Dronning Maud Land. With these accurate geoid height data and the estimated elevation above sea level, the gravity measurements were re-analyzed to obtain free-air gravity anomalies after adjustment to the International Absolute Gravity Basestation Network (IAGBN; Boedecker and Fritzer, 1986 ) Syowa Station standard value.
DORIS Determined Coordinates of the Beacon
Marker at Syowa Station Figure 1 illustrates Syowa Station which is located on East Ongul Island of Lützow-Holm Bay, Antarctica. There are four reference marks by different space geodetic techniques, namely satellite Doppler point A which is identical to the classic astronomical station, DORIS (Doppler Orbitography by Radiopositioning Integrated by Satellites) beacon point D, SCAR (Scientific Committee on Antarctic Research) GPS campaign point G which is identical to the classic geodetic control point No. 23-16, and the VLBI (Very Long Baseline Interferometry) reference point R at the 11 m S/X band paraboloid antenna. All these four reference marks are in bedrock area.
According to Boucher et al. (1996;  
with an uncertainty of 3 cm for each coordinate. It is noted that Eq. (1) is given in the tide free system (C. Boucher, 1997; personal communication) . Kanao et al. (1995) 
by combined use of two-frequency GPS relative positioning and classic geodetic surveying within an overall error of 1 cm. Thus the DORIS-determined ITRF94 coordinates of the SCAR GPS point were estimated as 
WGS84 Coordinates of the SCAR GPS Point in a Tide Free System
It is well known that the WGS84 coordinate system has a slight inconsistency against the ITRF coordinate system (e.g. Abusali et al., 1995) , and we apply a summary of seven parameter transformations by Tobita (1997) to convert Eq. (3) into the WGS84 coordinate values:
where δω = −3.394 × 10 −8 , δψ = 1.454 × 10 −9 and δε = −8.872 × 10 −8 are given as the rotational parameters. It is noted that δω in the original formula of McCarthy 
Reduction to the Local Mean Sea Level
In East Ongul Island, there is a leveling route in the form of a closed loop from the bench mark BM1040 at the tide gauge station of Syowa Station (Fig. 1) 
Obtained Ground Data of Geoid Height at Syowa Station
It is noted that local mean sea level is not identical to the global geoid surface, and sea surface topography has to be corrected for in order to estimate the geoidal undulation. For example, Rapp et al. (1991) modeled the sea surface topography ζ for the global ocean using the GEOSAT data. An improved sea surface topography expanded to degree and order 20 is now available from the information at the web site http://cddis.gsfc.nasa.gov/egm96/general info/ readme.sst egm96 topex ers1, and Fig. 2 illustrates the calculated 0.1 m model contours around Lützow-Holm Bay. We obtain ζ at Syowa Station as
From Eqs. (4 ), (6) and (7), the observed geoid height at Syowa Station can be deduced as
on the WGS84 ellipsoid. Table 1 Error item Estimate and (d) are directly related with observations at the site, and their overall effect is within 4 cm. As for (e), we have an estimated error of 20-30 cm, which is thus dominant in the overall formal error of 20-30 cm. The discrepancy of local mean sea level from the global sea surface topography is not separated from the cumulative rms error in geoid undulation, and improvement of sea surface topography must proceed in parallel with the improvement of the Earth's gravitational potential modeling. Figure 3 illustrates the EGM96 model geoid undulations (Lemoine et al., 1997) in the region concerned, which are calculated from the spherical harmonic coefficients to degree and order 360. Since these coefficients are developed in the tide free system for an ideal Earth ellipsoid of a = 6378136.46 m and 1/ f = 298.25765, a correction term of −0.53 m after e.g. Rapp (1997) , has to be applied to have values adjusted on the WGS84 ellipsoid.
Comparison with the Model Geoid
One of the significant characteristics is the regional mound of 13 m high over Enderby Land, which also corresponds to regional aeromagnetic anomaly highs of >500 nT amplitude (Golynsky et al., 1996) and MAGSAT crustal magnetic anomalies of 10 nT amplitude (Takenaka et al., 1991) . Lützow-Holm Bay is located to the western side of this mound, and the model value at Syowa Station can be calculated as N SYO,EGM96 = 22.10 m.
The difference between the observed value and the model value results in
= 22.37 − 22.10 = 0.27 m.
The obtained discrepancy of Eq. (10) is within the expected range of residual undulations above degree 360, as the standard deviation of the discrepancies between the GPS/leveling geoid heights of the 25-km spacing GPS network stations (806 stations) of the Geographical Survey Institute, Japan and the corresponding EGM96 geoid model values can be estimated as 38.5 cm (Y. Kuroishi, 1998; personal communication) . According to Lemoine et al. (1997) , the observed geoid heights from GPS/leveling generally have discrepancies of 20-50 cm from the EGM96 geoid model for the regions including Europe (8 cm), Australia (−80 cm) and Scandinavia (19 cm), where the estimate in the parenthesis indicates an (Rapp et al., 1991; n, m ≤ 360) were calculated and adjusted on the WGS84 ellipsoid, and comparison with the observed value was made as summarized in the upper part of Table 2. The apparent difference of the OSU91A associated model value from the observed value of Eq. (8) resulted in −0.58 m at Syowa Station; the magnitude of discrepancy is larger than that for the EGM96 model. Similar comparison of GPS/leveling ground data with the OSU91A model geoid gave an overall discrepancy of 32-95 cm for the same regions discussed above (Lemoine et al., 1997) .
Free-Air Gravity Anomaly
Together with geoid height control data, precisely determined free-air gravity anomaly data in the Antarctic region will provide useful test data for global geopotential modeling or gravity anomaly contouring. Although previous gravity measurements in the Japanese Antarctic research area were based on relative spring-type (e.g. LaCoste & Romberg) gravimeters, absolute gravimeter observations have recently been made at the International Absolute Gravity Basestation Network (IAGBN) Syowa Station (IAGBN-A #0417 by Boedecker and Fritzer, 1986 ; see Fig. 1 Kaminuma and Tsukahara (1996) adopted the gravity value by Yamamoto (1996) after considering a small overlooked correction, which was obtained with an FG5#104/GSI1994.09 gravimeter (notation after Boedecker, 1991) , as the standard gravity value at the IAGBN Syowa Station:
where 1 mgal = 10 −5 m/s 2 . The gravity value at the nearby SCAR GPS point (No. 23-16 geodetic mark in Fig. 1 ) connected by using a LaCosteRomberg gravimeter was determined as g Syowa,G = 982524.540 mgal.
In order to obtain free-air gravity anomalies, reduction of normal gravity values after the Geodetic Reference System 1980 standard gravity formula (Moritz, 1980) and the associated free-air reduction are required. It must be noted that the vertical gradient of normal gravity can be expressed as γ = −0.3087798 × (1 − 1.4281321 × 10 −3 sin 2 φ +1.616411 × 10 −6 sin 2 2φ)
at latitudes of around 69
• S, which slightly differs from the usually adopted value of −0.3086 mgal/m at mid latitudes.
Thus, we can estimate refined free-air gravity anomalies in Syowa Station as −18.64 mgal (IAGBN station) and −18.53 mgal (SCAR GPS point), respectively as summarized in the lower part of Table 2 . Since the accuracy of the station coordinates are within 5 cm for both the latitudinal and height directions, and since the measurement errors of gravity are within 0.02 mgal, better than 0.05 mgal error is definitely assured for the obtained free-air gravity anomaly values.
Determination in East Dronning Maud Land Revisited
As there are few ground data of geoid height or gravity anomaly with reliable error budgets in the Antarctic region, re-analysis of Breid Bay data and their tie to the inland outcrop area of the East Dronning Maud Land region has benefits, even though the overall error is larger by one-order of magnitude than that at Syowa Station. Shibuya et al. (1991) applied broadcast ephemeris satellite Doppler positioning result at L0 point (Fig. 4) Table 4 of Shibuya et al. (1991) , see Table 3 . In Eq. (16), other related observational data are not necessary to be revised except H L0 and inclusion of ζ Spoint . As shown in Fig. 2 , sea surface topography is declined to west at latitude of 70 • S in the region concerned, and the difference between Syowa Station and S point is about 14 cm.
Breid Bay data revisited and tied to Seal Rock
Since the slant distance between S point (Breid Bay) and Seal Rock (East Dronning Maud Land) is comparatively short (120 km, see Fig. 4) , the difference of the geoid undulation values from the global geoid model may represent the local geoid difference. According to the EGM96 geoid model, the undulation difference can be calculated as 0.82 m between S point (high) and Seal Rock (low), so that the pseudo-observed geoid height N Seal,obs at Seal Rock may be estimated as N Seal,obs = 22.25 − 0.82 ∼ 21.4 m.
As for error assessment listed in Table 3 , uncertainty (a) from NNSS positioning can be considered as dominating over other (b) and (c) factors including truncation error (g) of the geoid model, and we put an overall error of 1.8 m in N Seal,obs of Eq. (17).
Station coordinates of Seal Rock
Although direct connection was not operationally possible, NNSS translocation between L0 point and Asuka Station (Fig. 4 , Photo 2) which were both on the ice sheet, and onefrequency and 4 channel GPS relative positioning between Photo 2. Geodetic tie from L0 point at Breid Bay on the ice sheet to No. 25-01 geodetic mark at Seal Rock on the inland outcrop area through Asuka Station on the ice sheet, was necessary to maintain the ground mark. Table 3 . Determination of pseudo-observed geoid height at Seal Rock. Error estimate of Table 4 by Shibuya et al. (1991) was updated with inclusion of sea surface topography data and truncation error associated with the shift from S point to Seal Rock. 
Item
or φ ASK = 71 • 31 29.14 S, λ ASK = 24 • 07 50.65 E, Fukuda (1986) were adjusted to the new gravity standard value at the ESL by Eq. (25), which was refined by the value of Eq. (12) at the IAGBN Syowa Station.
(b) Height above sea level was calculated by subtracting the geoid height from the observed ellipsoidal height, e.g. Eq. (22) for Seal Rock.
* In order to obtain the elevation of snow surface above sea level, offset reduction of 1.2 m was furthermore necessary to the datum point at the top of the Asuka height datum staff; so that, h ASK = 979.1 − 1.2 − 21.4 = 956.5 m.
(c) Normal gravity value γ was calculated with the Gravity Formula 1980 using the Somigliana exact expression. 
It is noted that NNSS translocation between L0 point and Asuka Station was made with a total of 46 satellite passes acquired during April 16-19, 1987 . The pass geometry was ill-balanced for east-west direction with 2 west-and 44 eastgoing passes, but was well-balanced for north-south direction with 23 north-and 23 south-going passes, within a resultant error of 1 m for latitudinal positioning. Although formal error for height difference calculated by using a GP1S software (JMR Instruments Inc., 1982) indicated 0.52 m, simulation test of absolute error in Tokyo as a function of accepted satellite passes (Shibuya and Kitazawa, 1986) indicates worse error of 1 m for our translocation. As for one-frequency GPS relative positioning between Asuka Station and Seal Rock, the accuracy of each difference component in Eq. (20) can be considered as 6 cm, respectively. Together with the error of 2 cm in the measurements of the antenna offsets, the overall accuracy of h Seal in Eq. (22) can be considered as 2 m as analogously obtained in Table 3 .
The previous gravity datum for JAREs before the absolute gravity measurements was the value marked at the pier in the Earth Science Laboratory (ESL in Fig. 1 ; see Kaminuma et al., 1984) as
Using the gravity difference between the ESL and the IAGBN site (Fujiwara et al., 1994) of
new gravity standard at the ESL corresponding to Eq. (12) becomes g ESL,new = 982524.051 mgal.
Thus the gravity values in Dronning Maud Land obtained by Fukuda (1986) , which referred to the old datum of Eq. (23), can be adjusted to the IAGBN gravity standard Eq. (25), by adding 0.301 mgal, as summarized in Table 4 . The freeair gravity anomalies can be calculated as similarly obtained at Syowa Station. With revised station coordinates and the elevations above sea level, the associated errors are estimated to be less than 1 mgal.
Comparison with Gravity Anomaly Maps
The obtained ground data of free-air gravity anomalies in the lower part of Table 2 and Table 4 can be used as test data for contouring the satellite altimeter derived gravity anomaly maps (e.g. Sandwell, 1992) or for contouring the coastal Fukuda et al. (1990) for the contoured land area. Color legend is 5 mgal interval, while contouring is 20 mgal interval. Thick solid curve is 0 mgal, thin solid curves for positive areas and thin broken curves for negative areas.
ice zone gravity anomaly maps with the merged data of the surface ship gravimeter and land traverse gravity survey (e.g. Fukuda et al., 1990) . For example, Fig. 5 illustrates the free-air gravity anomaly map of the 20
• E-40
• E by 65
• S-72 • S area, which was combined and edited from the above two maps. Around the Syowa Station area, the contouring is consistent with the ground data within a small bias of 2-3 mgals; the probable error is within the 5-7 mgal rms error of the GEOSAT gravity anomaly (Sandwell, 1992) . In Breid Bay, Fukuda et al. (1990) indicated a local free-air gravity anomaly high of up to 120 mgal. The traverse gravity survey along L-Route in 1987 and the 1 mgal accuracy ground data at both ends of the L-Route (Table 4 ) may moderately (20-30 mgal) revise the contouring in this region.
Conclusion
As compared with its huge extent of land ice mass, Antarctica still has few geoid height and free-air gravity anomaly data with reliable error budget. We obtained ground data of 20-30 cm accuracy observed geoid height at Syowa Station (22.37 m) on the WGS84 ellipsoid. The OSU91A geoid model has a discrepancy of 58 cm as compared with the observed value, while the EGM96 model has a discrepancy of 27 cm. Both the above geoid models have errors of 60-80 cm with a cumulative rms error (to the degree 360) of 49 cm for the OSU91A model (Rapp et al., 1991) or of 36 cm for the EGM96 model (Lemoine et al., 1997) and another 20-30 cm truncation errors of the higher-order harmonics. The Syowa data can be used as good test data for generating higher-order (n, m ≥ 360) geopotential coefficient models. Although the Seal Rock data (21.4 m) has an uncertainty of 1.8 m, it will also aid geopotential model fitting.
With the establishment of the IAGBN standard value at Syowa Station and gravimetric connection to the Dronning Maud Land region, the free-air gravity anomaly ground data of 0.05 mgal accuracy (−18.64 mgal at Syowa IAGBN station) and 1 mgal accuracy (−15.5 mgal at Asuka Station and 134.4 mgal at L0 point) were obtained. These data will also serve as good data for adjusting the contouring of the satellite-and/or shipborne-derived free-air gravity anomaly maps in the region concerned.
